Abstract-We analyzed the effect of skipped spawning on the estimates of length and age at maturity and on the reproductive potential of Argentine hake (Merluccius hubbsi) from the Patagonian stock during the spawning peaks between 2005 and 2013. The length at first maturity increased by 2-3 cm in total length (TL), and the age at maturity increased by 0.27-0.88 years when the proportion of females that would skip spawning was incorporated in the relationships. In addition, the slopes of the models decreased, suggesting that all individuals reach sexual maturity at a greater size and age than those estimated with the traditional criterion for maturity, which does not consider skipped spawning because fish in the resting stage are classified as mature. The reduction in egg production caused by skipped spawning ranged between 3.56% and 12.12%, when we used the maturity models with age data, or between 2.70% and 6.80%, when we used the models with TL data. Females that would skip spawning were mainly specimens with sizes between 40 and 50 cm TL, and most belonged to the age class of 3-year-old fish.
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Abstract-We analyzed the effect of skipped spawning on the estimates of length and age at maturity and on the reproductive potential of Argentine hake (Merluccius hubbsi) from the Patagonian stock during the spawning peaks between 2005 and 2013 . The length at first maturity increased by 2-3 cm in total length (TL), and the age at maturity increased by 0.27-0.88 years when the proportion of females that would skip spawning was incorporated in the relationships. In addition, the slopes of the models decreased, suggesting that all individuals reach sexual maturity at a greater size and age than those estimated with the traditional criterion for maturity, which does not consider skipped spawning because fish in the resting stage are classified as mature. The reduction in egg production caused by skipped spawning ranged between 3.56% and 12.12%, when we used the maturity models with age data, or between 2.70% and 6.80%, when we used the models with TL data. Females that would skip spawning were mainly specimens with sizes between 40 and 50 cm TL, and most belonged to the age class of 3-year-old fish.
One of the main assumptions in fishery assessments for iteroparous fish species is that after spawning for the first time, i.e., after reaching maturity, these species reproduce annually. Nevertheless, failure to spawn in consecutive years has been observed in many species, a phenomenon known as skipped spawning (SS) (Rideout et al., 2005) . In general, the hypotheses proposed to explain the cause of SS are associated with feeding deficiencies that decrease energy storage before spawning. Such feeding deficiencies may leave the fish in such a poor nutritional condition that they may not have sufficient energy to support egg production in consecutive years (Dutil, 1986; Holmgren, 2003; Jørgensen et al., 2006; Rideout and Tomkiewicz, 2011) . Failure to consider SS in the reproductive output of a stock could result in an overestimation of spawning stock biomass and reproductive potential (Rideout and Tomkiewicz, 2011) . Despite the influence of the SS phenomenon in the estimation of total egg production, this influence has rarely been considered in fishery assessments (Rideout et al., 2005) .
The Patagonian stock of Argentine hake (Merluccius hubbsi), distributed from 41°S to 55°S at depths between 50 and 500 m, is one of the most important fishery resources for Argentina; the total annual catch reported for 2015 was approximately 260,000 metric tons (Ministerio de Agroindustria 1 ). This stock is assessed annually through virtual population analysis with an age-structured model with spawning stock biomass as a biological reference point. The Argentine hake from the Patagonian region is a batch spawner with indeterminate annual fecundity; it reproduces from November to April and peak spawning occurs in January (Macchi et al., 2004) . Recently, it was reported that 6-22% of female Argentine hake from Patagonian waters would skip spawning and remain unproductive during the spawning peak (Macchi et al., 2016) . These individuals were located mostly on the periphery of the spawning area at depths close to 100 m, and they were mainly young adult females.
We report on our continued study of skipped spawning in Argentine hake. The main purpose of the research described in our study was to establish how this phenomenon affects the reproductive potential of the Patagonian stock of this species. We constructed length-and age-based maturity models by using 2 interpretations of the maturity cycle: 1) females that had skipped spawning were classified as mature (traditional interpretation) and 2) mature females that had not spawned during the reproductive season were classified as functionally immature (revised interpretation). We also examined the relationship between the demographic composition of the stock and the incidence of skipped spawning. We estimated the proportion of the total reproductive potential that was reduced as a result of skipped spawning by analyzing data from research surveys performed during peak spawning of the Patagonian stock of Argentine hake.
Materials and methods

Sample collection and laboratory processing
Most of our samples were collected in the summer during 9 research surveys conducted by the Instituto Nacional de Investigación y Desarrollo Pesquero (INIDEP) in the north Patagonian area off Argentina between 2005 and 2013 (Table 1) . These surveys were performed during the peak spawning time for the Patagonian stock of Argentine hake (January) in the area of reproduction, and in the main nursery ground for young-ofthe-year individuals in the San Jorge Gulf. Trawling during these surveys was conducted at depths between 50 and 120 m along transects regularly separated by approximately 37 km (20 nmi) and oriented perpendicularly to the coastline (Fig. 1) . We also had data from samples of females collected during 5 surveys carried out in the same area (43-47°S and 61-67°W) in August (austral winter) when the Patagonian stock of Argentine hake was in a resting reproductive stage (Table  1) . In these 5 surveys, 50-90 stations were sampled by using a stratified random design for the entire study area, at depths between 50 and 200 m. The bottom trawl used for all surveys had a mouth width of approximately 20 m, a height of 4 m, and a net with a 20-mm mesh liner in the codend.
After weighing the catch of Argentine hake, a random sample was taken to determine sex, and the total length (TL, in centimeters) was recorded for each fish. Moreover, the maturity of each specimen was assessed macroscopically on the basis of a 5-stage maturity key: 1) immature, 2) developing, 3) spawning, 4) postspawning or spent, and 5) resting or recovering. This maturity scale was previously validated for females by histological analysis of the ovaries and was described in Macchi et al. (2016) . For this reason, to estimate length and age at maturity (L 50 and A 50 , respectively), we used only macroscopic information. To estimate age composition, sagittal otoliths were collected from random subsamples of female Argentine hake collected from different sampling stations during January surveys (Table 1) . Ages, based on analysis of these otoliths, were determined by using a method described by Renzi and Pérez (1992) .
To estimate models of batch fecundity versus TL and batch fecundity versus age for the Patagonian stock, we collected females classified as spawning (with hydrated oocytes) from different sampling stations, and fixed the ovaries in 10% neutral-buffered formalin for histological analysis (Table 1 ). The ovaries were weighed to the nearest 0.1 g to obtain gonad weight, and a portion (approximately 2.0 g) of each gonad was then removed, dehydrated in ethanol, cleared in xylol, and embedded in paraffin. From these gonads, 5-µm sections were mounted and stained with Harris hematoxylin followed by eosin counterstain.
Estimation of length and age at maturity
We constructed length-and age-based maturity ogives for female Argentine hake from samples and subsamples collected during the summer spawning peak (January) of the Patagonian stock (Table 1) . For estimation of L 50 and A 50 , the maximum likelihood method was used to fit the proportion of mature individuals by length class (TL) and age class to a logistic function (Kendall and Stuart, 1967) . The presence of ovaries in fish classified in the resting stage and collected during the main spawning peak of the Patagonian stock was taken as evidence of SS in female Argentine hake (Macchi et al., 2016) . These gonads were characterized as having only oocytes in the primary growth phase and as having a thick ovarian tunica, with no evidence of ovary development or recent spawning (Rodgveller et al., 2016) . Therefore, when considering SS in estimating the maturity ogives, we classified females in the resting stage as immature individuals.
For this reason, and following the method of Rodgveller et al. (2016), we estimated L 50 and A 50 on the basis of the following 2 interpretations of the maturity cycle: 1) the traditional interpretation, in which fish in the resting stage were classified as mature, and 2) the revised interpretation, in which adult females classified as in the resting stage were considered to be functionally immature. We obtained coefficients of the maturity ogives by using both interpretations for each year during the period 2005-2013. The coefficients were compared by using an χ 2 test according to Aubone and Wöhler. 2 In the case of the August surveys, we had only data for TL and gonad maturity stage from samples of females collected in , 2007 , 2011 , 2012 and 2013 . Using this information, we constructed lengthbased maturity ogives for August of those years, and the models obtained were compared with the maturity ogives estimated using data from January of the same year, during the previous spawning peak. Coefficients of the logistic relationships obtained in both sampling seasons were compared by using an χ 2 test. It was not possible to identify females that were skipping spawning during August because the majority of the fish during this month were in a resting or immature stage. Therefore, to estimate length at first maturity with data from the August survey, only the traditional interpretation of maturity assignment (resting stage as mature female) was employed.
Estimation of size and age distributions of female Argentine hake
The number of females was estimated from data collected during each survey between 2005 and 2013. These cruises covered a wide geographic range from 43°S to 47°S, but to analyze the abundance of females that would skip spawning or would spawn, we used only data from sampling stations located in the area of active reproduction, which covers approximately 65% of the study zone (Fig. 1) . The same area, with an extension of about 50,000 km 2 , is assessed every year during a fixed-station trawl survey to estimate the potential egg production of the Patagonian stock of Argentine hake (Macchi et al. 3 ). Information obtained from sampling the trawl catch was expanded to obtain estimates of the number of individuals per length class, by using the method described by Macchi et al. (2004) . The number of mature females for each survey was estimated by multiplying the number of Argentine hake within each length class by the proportion of mature females estimated from the L 50 ogive obtained for each survey. To obtain the incidence of SS by length class, we compared the length distributions obtained with the estimated maturity ogive with the traditional interpretation and the revised interpretation for each year.
From the age-length keys obtained with data collected in each survey, we estimated the age distributions of female Argentine hake in the sampling area during each January between 2005 and 2013. The number of mature females by age class for each year was estimated by multiplying the number of females in each age class by the proportion of mature females obtained from the A 50 ogive corresponding to that year. We compared the age distributions of mature females by using the maturity ogive constructed with the traditional and the revised interpretation. In this case, to determine the effect of spawning omission, we estimated the average age distributions obtained after grouping all years sampled during the period 2005-2013.
Estimation of reproductive potential
Because the Argentine hake is a batch spawner with indeterminate annual fecundity, we estimated the batch fecundity (number of oocytes released per spawning) by the hydrated oocyte method of Hunter et al. (1985) .
After histological diagnosis, we selected only ovaries with hydrated oocytes and without evidence of recent spawning (no postovulatory follicles), and removed 3 pieces of tissue (0.1-0.2 g each) from the anterior, middle and posterior parts of a gonad. These samples were weighed (to the nearest 0.1 mg), and the number of hydrated oocytes was counted to estimate the mean of hydrated oocytes per unit of weight. Batch fecundity value for each female was obtained by multiplying the mean number of hydrated oocytes and the total weight of the ovaries. The relationships of batch fecundity to TL and age were described by using standard regression analysis (Draper and Smith, 1981) .
We could not estimate a relationship between spawning frequency and TL or age for each year sampled. For this reason, the index of reproductive potential of the Patagonian stock of Argentine hake in January from 2005 to 2013 was estimated by multiplying the number of mature females in each length class or each age class by the batch fecundity corresponding to that length class or age class. Therefore, this index represents the egg production of the stock during one spawning event.
Estimates of egg production, by TL and age, by using the maturity ogive created with the traditional interpretation and the ogive created with the revised interpretation were compared to obtain the percentage of reduction in egg production attributed to nonreproductive adult females during the spawning season by year.
Results
Length and age at maturity
When we applied the traditional interpretation for maturity diagnosis, the L 50 estimates for females of Argentine hake during January 2005-2013 ranged between 32.22 and 34.53 cm TL (Table 2) . However, when we used the revised interpretation and considered that females in a resting stage were individuals that had skipped spawning, the values of L 50 increased to range of 34.57-38.01 cm TL. In all cases, the standard error of L 50 was lower when SS was considered for estimation of the maturity ogives-a result that may be associated with the increase in the number of immature individuals in length classes close to L 50 . In addition, when SS was included in the L 50 estimate, the slope of the logistic model decreased ( Table 2 ), suggesting that all females reached sexual maturity at larger sizes than those estimated with the traditional interpretation. Comparison of the maturity ogives estimated by the different interpretations of maturity showed highly significant differences for all years sampled (P<0.001).
The A 50 curves estimated with samples collected between 2005 and 2013 showed a similar pattern after inclusion of the proportion of females that SS in relationship both to the A 50 and the slope of the models. The A 50 values estimated with the traditional inter-pretation ranged between 2.32 and 2.50 years, while those estimated with the revised criterion increased to 2.74-3.36 years (Table 3) .
The length-based maturity ogives estimated with data from January (spawning peak) and by using the traditional interpretation were significantly different (P<0.05) from those estimated by using data from August (resting period) of the same year, except for 2013 (P>0.05); in general, the L 50 coefficients were slightly higher in August, but the slopes were similar (P>0.05) between months (Table 2, Fig. 2 ). When we compared the length-based maturity ogives estimated with data Table 2 Length at maturity (L 50 ) and slope (b) determined by the logistic model for female Argentine hake (Merluccius hubbsi) from the Patagonian stock. Samples were collected during research surveys conducted off Argentina during the spawning peak (January) and resting period (August) of this stock, 2005-2013. For surveys conducted in January, coefficients of the models were estimated on the basis of the following 2 interpretations of the maturity cycle: 1) the traditional interpretation, in which females in the resting stage were classified as mature, and 2) the revised interpretation, in which females in the resting stage were considered to be functionally immature. Lengths were measured as total length in centimeters. Standard errors of the means are given in parentheses. n=sample size. TI, traditional interpretation; RI, revised interpretation. Table 3 Age at maturity (A 50 ) and slope (b) determined with the logistic model for female Argentine hake (Merluccius hubbsi) from the Patagonian stock collected during research surveys conducted off Argentina during January for the years 2005-2013. Coefficients of the models were estimated according to the following 2 interpretations: 1) the traditional interpretation, in which females in the resting stage were classified as mature, and 2) the revised interpretation, in which females in the resting stage were considered to be functionally immature. Standard errors of the means are given in parentheses. n=sample size. TI, traditional interpretation; RI, revised interpretation. 
Figure 2
Length-at-maturity curves estimated for female Argentine hake (Merluccius hubbsi) collected from the Patagonian stock off Argentina in January and August 2005 August , 2007 August , 2011 August , 2012 August , and 2013 , for which females in the resting stage were considered to be either mature (solid lines) or functionally immature (dashed lines).
Total length (cm)
Total length (cm) Proportion of mature Proportion of mature Proportion of mature from January surveys and using the revised interpretation with those estimated in August of the same year, highly significant differences (P<0.001) were observed, mainly in the slopes (Table 2, Fig. 2 ).
Age and size distributions of females
The length distributions of mature female Argentine hake showed considerable annual variation during the spawning peak in the period 2005-2013, and 1 or 2 modes (Fig. 3) . In general, the main group of mature females was composed of individuals between 40 cm and 50 cm TL, but in some years, such as 2007 and 2008, a high frequency of females larger than 50 cm TL was observed (Fig. 3) . The latter figure also shows the fraction of the length distributions affected by SS when we used the maturity ogive estimated with the revised interpretation ( Table 2 ). It was observed that females that would skip spawning are mainly specimens smaller than 50 cm TL, and have a modal size between 37 and 40 cm TL (Fig. 3) . Figure 4 shows the average age distributions obtained after grouping all years sampled and by applying the traditional interpretation of maturity and after considering the effect of skipped spawning. This figure confirms that females that would skip spawning were mainly younger specimens. Approximately 70% of females that skipped spawning were 3 years old.
Reproductive potential
Batch fecundity for female Argentine hake sampled in January between 2005 and 2013 ranged from 70,000 to 3,170,000 hydrated oocytes, for fish between 29 cm and 95 cm TL. The relationship of batch fecundity to TL and to age for each sampled year fitted a power model (Table 4) .
The number of oocytes produced by batch and by 1-cm
Figure 3
Length-frequency distributions of adult female Argentine hake (Merluccius hubbsi) collected from the Patagonian stock off Argentina in January during the years 2005-2013. The black shaded area visible beyond the gray area represents the fraction of females that would skip spawning during the spawning peak of the stock. The length-at-maturity model was applied in 2 ways to create the 2 overlapping areas: females in the resting stage were considered mature (black) or functionally immature (gray).
Total length (cm) Total length (cm) Total length (cm) Number of females (10 6 ) Number of females (10 6 ) Number of females (10 6 ) Table 4 Results of the regression analyses between batch fecundity (BF) and the variables total length (TL) and age for female Argentine hake (Merluccius hubbsi) sampled from the Patagonian stock during research surveys conducted off Argentina in January for the years 2005-2013. The letters a and b indicate the parameters of the equations; r 2 =coefficient of determination; n=sample size. Figure 4 Age-frequency distributions obtained for adult female Argentine hake (Merluccius hubbsi) collected from the Patagonian stock off Argentina during January 2005-2013, averaged across years. The black area represents the fraction of females that would skip spawning during the spawning peak of the stock. The age-at-maturity model was applied in 2 ways to create the 2 overlapping areas: females in the resting stage were considered mature (black) or functionally immature (gray).
Age (years) Number of females (10 6 ) Figure 5 Egg production by length class in one spawning event, estimated for female Argentine hake (Merluccius hubbsi) collected from the Patagonian stock off Argentina in January during the spawning peak of 2005-2013. The black area represents the fraction by which the egg production was reduced by females that would skip spawning (SS), and the gray area indicates the actual egg production. length classes during the spawning peak in January varied annually during the period 2005-2013 (Fig. 5) . During most years, the egg production depended on females larger than 50 cm TL, except in 2005 and 2006, when the abundance of smaller adult individuals was particularly high (Fig. 3) . After considering the incidence of SS in the estimate of egg production by length class, it was evident that the SS phenomenon affected mainly females smaller than 50 cm TL (Fig. 5) . The reduction in egg production of one batch ranged from 2.70% to 6.80% when we compared egg production by length class (Fig. 6) . The lowest value in the reduction of egg production during the period analyzed was observed in 2012, and it was coincident with a low proportion of females that had skipped spawning (Fig. 3) . The analysis of egg production by age class, after both interpretations of maturity were applied, confirmed that SS is observed mainly in young females (Fig. 7) . In this case, the reduction in egg production of one batch on account of SS ranged from 3.56% to 12.12%. As found with the comparison by length class, 2012 was the year with the lowest egg production by age class (Fig. 6 ).
Discussion
The interruption in gonad maturation during the reproductive cycle has been reported in different fish populations for over 40 years (Rideout et al., 2005) , but more recently, SS has been recognized as potentially having important implications for the reproductive output of a population (Livingston et al., 1997; Trippel, 1999; Rideout et al., 2000) . Clearly, there is a negative effect on egg production when a proportion of the adult fish does not spawn during an entire year. Therefore, failure to consider females that skip spawning may lead to an overestimation of the actual number of spawning individuals and affect calculations of reproductive potential of a stock.
In the case of Argentine hake, data collected from the primary reproductive area of the Patagonian stock reveal the presence of nonreproductive adult females during the spawning season (Macchi et al., 2004; Pá-jaro et al., 2005) . Recently, Macchi et al. (2016) reported that of the 3 types described for the process of skipped spawning (retaining, reabsorbing, and resting) Egg production by age class in one spawning event, estimated for female Argentine hake (Merluccius hubbsi) collected from the Patagonian stock off Argentina in January during the spawning peak of [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . The black area represents the fraction by which the egg production was reduced by females that would skip spawning, and the gray area indicates the actual egg production. by Rideout et al. (2005) , only the resting stage can be found in the Patagonian stock. When SS was included in the estimate of the maturity ogives of Argentine hake, it was shown that both L 50 and A 50 were affected by this phenomenon. After accounting for skipped spawning (i.e., considering females at resting stage to be functionally immature individuals), the size at first maturity increased by 2-3 cm TL compared with values obtained with the traditional interpretation of maturity assignment, where females in a resting stage are considered mature individuals. Even so, most L 50 values estimated with the revised interpretation for the period 2005-2013 were close to 35 cm TL, which is the length class traditionally used to differentiate between juveniles and adults in commercial catches of Argentine hake to define protected areas for this species (Dato et al. 4 ).
In the case of age at first maturity, this coefficient increased by 0.27-0.88 years when the proportion of females that would skip spawning was incorporated. This represents an increase between 10% and 25% over the value obtained with the traditional interpretation. However, these differences in A 50 were low compared with those reported for sablefish (Anoplopoma fimbria) by Rodgveller et al. (2016) , who estimated an increase of A 50 of approximately 30% when females that would skip spawning were considered to be functionally immature individuals. The maturity models for Argentine hake, both for size and age, showed a decrease of the slopes when the SS effect was included in the estimations, indicating that the age and size at which 100% of individuals reach sexual maturity are greater than those calculated by the traditional interpretation.
Analysis of the size and age structure of Argentine hake confirms that nonreproductive adult females are mainly young specimens with sizes ranging between 40 and 50 cm TL, corresponding primarily with 3-year-old fish, as was previously reported (Macchi et al., 2016) . The 3-year-old age class constitutes approximately 70% of the female Argentine hake that would skip spawning; therefore, it is the main age class affecting the reduction in egg production. If the estimates of A 50 (Table 3) are taken into account, it is possible that a large proportion of females that have already experienced their first annual spawning could skip the next spawning cycle, probably because of deficiencies in their nutritional condition (Macchi et al., 2016) . It is also possible that some females that skip spawning are actually juveniles that had not yet reached sexual maturity. However, for the purposes of estimating L 50 or A 50 , this error in determining maturity would gener-ate the same bias as SS because juveniles and adults in the resting stage are both functionally immature. In other cases, when skipped spawning has been reported, it has been observed that this phenomenon affects primarily younger adult individuals, as in the case of Atlantic herring (Clupea harengus; Engelhard and Heino, 2005) and Atlantic cod (Gadus morhua) from the Arctic (Jørgensen et al., 2006) and from the Atlantic .
The L 50 ogives of the Patagonian stock of Argentine hake from the resting period (August) were more similar to those based on the previous spawning peak of January, when fish that would skip spawning were classified as mature, than when fish that would skip spawning were classified as functionally immature. These results indicate that specimens identified as adults in January, during spawning, show the same maturity characteristics 7 months later (August), when the maturity ogive basically differentiates between juveniles and adults at the resting stage. This finding reinforces the idea that females that would skip spawning in January are adults, not juveniles.
The difference in egg production values by age class estimated in January with the traditional criterion, and considering spawning omission, ranged between 3.56% and 12.12% over the period [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . That is, if the objective is to estimate the reproductive potential of Argentine hake by using the A 50 ogive, in some years there would be an overestimation close to 12% for this variable. However, when the egg production by length class during January is considered over the same period, the percentages of reductions in egg production resulting from SS were much lower than those estimated from the age-based model, ranging between 2.70% and 6.80%. The differences between the lengthand age-based models in the percentages of reduction in egg production caused by SS may be associated with the variability explained by each model. The A 50 model, which groups different length classes in each age class, embodies greater variability than the maturity relationship with total length. On the other hand, fewer samples were used to estimate the A 50 curves than the number of samples used to determine L 50 (Tables 2 and  3 ) and consequently would be expected to generate a better model fit for length over age.
The relatively low levels of reduction in egg production caused by SS for Argentine hake in our study indicate that the effect of skipped spawning in the Patagonian stock may be less significant than that reported for other species. For example, regarding Atlantic cod, suggested an overestimation of reproductive potential near 40% if the proportion of SS was not taken into account. Kennedy et al. (2014) reported that failure to properly interpret the maturity scale in Greenland halibut (Reinhardtius hippoglossoides) could lead to an overestimation of spawning stock biomass between 28% and 92%, depending on areas and years, whereas Núñez et al. (2015) calculated an overestimation of approximately 20% for the same species. In Argentine hake, it seems that the overestima-tion of reproductive potential could be even lower than expected because in this species, females that would skip spawning are primarily young individuals. Macchi et al. (2006 Macchi et al. ( , 2013 suggested that young (<5 years old) female Argentine hake produce eggs of poorer quality than eggs spawned by older females. In addition, it was reported that the extent of the spawning season in young females of this species is shorter than that in old individuals (>5 years old), and a lower number of spawning events occur during the reproductive season (Macchi et al., 2004) . Therefore, it is possible that the recruitment success of this stock depends mainly on "big, old, fat, fecund female fish" (BOFFFF hypothesis, Berkeley et al., 2004) rather than on young spawners, as was suggested for many species, including the deepwater hake (Merluccius paradoxus) in southern Africa (Field et al., 2008) .
